Staphylococcus aureus has been shown to bind specifically to an increasing variety of mammalian proteins. Plasma proteins that have been shown to bind specifically to S. aureus include fibrinogen (8) , immunoglobulin G (IgG) (3, 6) , fibronectin (7, 11, 19) , and Clq (17) . This organism has also been demonstrated to bind to elements of the extracellular matrix, including laminin (9) , type IV collagen (22) , fibronectin (7, 11, 19) , and type I procollagen and collagen (4) . It has been suggested that the presence of specific surface binding sites for extracellular matrix components might enable this organism to adhere to specific proteins located in tissues and thereby serve as an adhesion mechanism by which infective foci could become established (12) . The ability of S. aureus to bind collagen specifically and with high affinity may therefore be an important characteristic associated with the virulence of this organism.
Our original observations of collagen binding to S. aureus and the measurements of number and affinity of these sites were conducted with commercial preparations of S. aureus (4) . These preparations were intended primarily for use as immunochemical reagents for the adsorption of IgG. Since heat killing and formaldehyde fixation of these strains may alter the binding kinetics of the collagen from those seen in live organisms or strains killed by a less disruptive method, the experiments described in this report were undertaken. We report here the results of collagen binding to four strains of S. aureus. Binding kinetics studies were conducted on live as well as radiation-killed organisms. These experiments show that while the total amount of collagen bound per MATERIALS AND METHODS Purified proteins. Soluble calf skin collagen was obtained from U.S. Biochemicals, Cleveland, Ohio. Rabbit plasma fibronectin was purified from frozen EDTA-treated rabbit plasma (Pel-Freez, Rogers, Ariz.) by the method of Miekka et al. (10) . IgG was isolated from nonimmune goat serum by Na2SO4 precipitation and DEAE-cellulose chromatography (18) . Human Clq was purchased from Calbiochem-Behring, La Jolla, Calif. Human fibrinogen was provided by J. R. Shainoff of the Thrombosis Section of Cleveland Clinic (15 by the chloramine-T method (20) with Na'251 (17 Ci/mmol; New England Nuclear Corp., Boston, Mass.). lodinated collagen was separated from free 1251 by gel filtration on Bio-Gel P-2 in Tris-NaCl buffer (pH 7.5). Protein-bound radioactivity was determined by 10% trichloroacetic acid precipitation of the iodinated collagen in the presence of 50% fetal calf serum. Typical preparations showed a specific radioactivity of approximately 7,000 cpm/ng of collagen. In most experiments, radiolabeled collagen was diluted prior to use to approximately 3,000 cpm/ng with unlabeled collagen (final concentration, 17 ,ug of collagen per ml). Labeled collagen was stored at 4°C and used within 4 days of radioiodination.
Time course experiment. Irradiated Cowan 1 cells were added to Tris-NaCl buffer (pH 7.5) containing 0.1% serum albumin to a final concentration of 109 cells per ml. Radioiodinated collagen was added at a concentration of 250 ng/ml. Nonspecific binding was determined in parallel by the addition of 250 pLg of unlabeled calf skin collagen per ml prior to radioligand addition. Incubation was carried out at room temperature for intervals from 25 to 240 min with constant agitation. At the designated intervals, triplicate 1-ml samples were removed from each tube and centrifuged at 13,500 x g for 5 min. Supernatants were decanted, and [1251]collagen bound to the bacterial pellets was measured by cutting the bottom from each tube and placing the pellets in tubes for gamma counting. Previous experiments showed that washing of the bacterial pellets did not reduce the level of background radioactivity or nonspecifically bound radioactivity (4).
Reversibility experiment. In this experiment, the [1251]collagen was not diluted to lower specific activity. Total-binding and nonspecific-binding samples were prepared as in the experiment described above. After 60 min of preincubation in the presence of 250 ng of [1251]collagen per ml, unlabeled collagen was added to the total-binding tube to a concentration of 250 ,ug/ml. Samples were removed from 0 to 240 min as described above, with nonspecific binding corrected by subtraction.
Saturation binding experiments. These experiments were conducted by serial dilution of buffer containing 1,000 ng of [1251] collagen per ml at the highest concentration to approximately 1 ng/ml at the lowest. Nonspecific binding was measured for each collagen concentration by replacing albumin (1 mg/ml) with unlabeled calf skin collagen (1 mg/ml). Bacteria were added to a concentration of 109 organisms per ml, and incubations were carried out for 90 min at either room temperature or 4°C with constant mixing. Triplicate samples were removed at each total-and nonspecific-binding concentration. Bacterial pellets were obtained and counted as described above. In experiments with heat-killed organisms, cultures were heat killed at 80°C for 5 min and fixed in 1.5% formaldehyde (5) .
Inhibition experiments. Irradiated Cowan 1 cells were suspended in Tris-NaCl buffer (pH 7.5) containing 1 min, triplicate samples of bacterial suspensions were assayed for specifically bound collagen as described above.
Trypsin treatment of S. aureus. Cowan 1 cells were suspended in Tris-NaCl buffer (pH 7.5) containing 1 mg of trypsin per ml for 30 min at 37°C (22) . After digestion, suspended Cowan 1 cells were washed twice in Tris-NaCl buffer containing 1 mg of serum albumin per ml. Collagen was added at the same concentrations used in the inhibition experiment to cell suspensions containing 109 bacteria per ml.
RESULTS
Time course and reversibility. At room temperature, specific binding of collagen to irradiated Cowan 1 cells occurred rapidly, reaching one-half maximal levels within 3 min and approaching plateau levels by 30 min. After 3 and 4 h of incubation, the level of binding decreased to a small extent, indicative perhaps of some autolytic activity (Fig. 1) ; the fraction of radioactivity bound nonspecifically was constant and, with the exception of the 2.5-min time point, represented less than 10% of total binding. Binding was completely reversible at room temperature with the addition of a 1,000-fold excess of unlabeled collagen. The time required to reach 50% reversibility was approximately 5 min; reversibility was essentially complete by 4 h (Fig. 2) .
Effect of irradiation and heat killing on saturation binding. Cowan 1 cells killed by gamma radiation bound collagen at room temperature in a manner similar to that of live cells (Fig. 3) . Similar results were obtained at 4°C (data not shown). The saturation binding and Kd values of live and irradiated organisms were virtually the same. In contrast, heat-killed and fixed Cowan 1 cells bound much less collagen at room temperature than did either live or irradiated cells. The amount of collagen bound at 1,000 ng/ml by heat-killed cells was comparable to that bound at that concentration when immunoadsorbent S. aureus was used (4). The total calculated number of specific sites of binding for collagen to live and irradiated S. aureus at saturating concentrations in these experiments was approximately the same as that previously reported for immunoadsorbent S. aureus (4) .
Since virtually all of the ligand was bound to the S. aureus at collagen concentrations of 1 to 8 ng/ml, Scatchard analysis with bound/free ligand ratios was not possible. As an alternative, the Kd for collagen binding to Cowan 1 cells was estimated by constructing a Hill plot (Fig. 4) . The apparent is nanograms of collagen bound to 109 organisms and x is the collagen concentration. Consequently, this curve-fitting procedure was used in subsequent studies for the determination of affinity constants.
Collagen binding to various S. aureus strains. Of the four strains tested, only two, Cowan 1 and ATCC 25923, bound collagen. Strains Woods and S4 showed no specific binding at any concentration tested (Fig. 5) . While Cowan 1 bound approximately six times more collagen per organism than did ATCC 25923, the affinity constants for the two positive strains were within 40% of each other, demonstrating similarity in binding affinity, with an apparent large difference in capacity (Table 1) . We observed aggregation in the two strains which bound collagen. Neither S4 nor Woods formed aggregates, even at the 1-mg/ml collagen concentration. The ability to bind collagen was not retained upon storage. When irradiated Cowan 1 cultures were stored for 7 days at 4°C in Tris-NaCl buffer, the degree of binding was reduced to a level barely above nonspecific-binding levels, suggesting storage lability. Lability of the binding moiety was also suggested by the slight decrease in time-related binding at periods greater than 2 h (Fig. 1) .
E~~~~--------------------------------
Inhibition of collagen binding by plasma proteins and trypsin sensitivity. Of the potential inhibitors of binding tested, only fibrinogen was capable of significant inhibition at all collagen concentrations tested (Fig. 6) . The level of fibrinogen during preincubation and during ligand binding was in an approximate 12-fold molar excess with respect to the maximal collagen concentration. This suggests that the 30% inhibition of collagen binding by fibrinogen is probably due to a steric rather than a specific inhibition of binding.
Collagen binding at all levels tested was essentially extinguished by prior treatment of the Cowan 1 strain with 
